declines in muscle strength. Various topical therapies have been employed in an attempt minimize pain and enhance muscle strength after soft-tissue injury. [1] [2] [3] These therapies including the application of ice and menthol gels have been employed by athletic trainers, physical therapists, and other health care providers in an attempt to minimize the injury and return the individual to training or competition as soon as possible. 4 The cooling effect of menthol has also been postulated to affect blood fl ow, although there are limited data to support this claim. In a study of decerebrate cats the application of topical menthol gel reduced the exercise-pressor effect (blood flow) within an activated muscle without a systemic effect on heart rate. s Those authors and others examining topical analgesic gels have reported that increases in blood pressure are attenuated during exercise, probably because of an increase in total peripheral resistance at the muscle area,S,6 thus leading to a reduction in overall blood flow to the area. It is thought that the reduction in the pressor response is caused by the inhibition of the small-diameter sensory nerve fibers that are known as group III and IV afferents that synapse with th e central nervous system. S Those authors concluded that topical menthol may reduce blood flow to the underlying tissues through stimulation of cold receptors of the skin.
Topical gels that contain menthol also result in a cooling sensation to the area where the gel is applied and are commonly used by health care providers including athletic trainers and physical therapists to treat soft-tissue injuries. Topical menthol gels are classified as topical analgesics with a mechanism of action defined as counterirritant, based on the gate control theory.? Menthol gel s are thought to produce a cooling sensation by inhibiting calcium currents of neuronal membrane. 8 Menthol is noted for eliciting perceptions of cold through its effects on the transient-receptor-potential (TRP) family of ion channels. HaeseIer et al 9 postulated that the stimulating effect of menthol on cold receptors may have an antinociceptive effect causing an inactivation of sodium channels of the alpha subunit, resulting in hyperpolarization or blocking the signal of pain transduction or impulses from pain receptors. Another study demonstrating the antinociceptive effects of menthol in mice on a hotplate suggested that the temporary pain relief from menthol was as effective as morphine for the hotplate test. 8 Despite the fact that menthol gels and ice are commonly used to treat soft-tissue injuries, little empirical study has been conducted to compare menthol gels with the application of ice. Thus, the purpose of this study was to compare blood flow and muscle strength in the forearm after an application of ice or 3.5% menthol gel (Biofreeze) or a no-treatment control condition. This purpose was addressed by evaluating the tenability of the following hypotheses:
HI: The application of ice or 3.5% menthol gel to the forearm would result in a decrease in blood flow to the forearm compared with a no-treatment control condition. H2: The application of ice or 3.5% menthol gel to the forearm would result in different forearm muscle strength compared with a no-treatment control condition .
Methods

Design
The design of the study to address the hypotheses used repeated measures in which blood-flow and muscle-strength data were collected from subjects on 3 separate days. The data-collection protocol on each of these days was the same except for the treatment intervention that was applied. Before any data collection, subjects read and signed an informed consent that was approved by the University of Louisville's institutional review board. After we obtained consent all subjects completed a brief demographic questionnaire, and height, weight, and body composition were measured. Immediately after providing consent all subjects completed a familiarization trial with the data-collection protocol to minimize any novelty effect when study data were collected. The order of the treatments (menthol, ice, and control) was counterbalanced to be administered to subjects during each of the 3 subsequent data-collection sessions. These 3 data-collection sessions were separated by at least 7 days to provide a washout period between treatments. Each data-collection session included blood-flow measurements at 5 different times followed by assessments of strength at 3 different times.
Participants
Seventeen healthy adults (9 men and 8 women, mean age 24.4 y) were recruited to participate in the study through word of mouth. Subjects reported no health conditions that may have altered the blood flow or strength in their right arm (diabetes, Reynaud's disease, peripheral vascular disease, etc). None of the subjects smoked and all refrained from caffeine consumption for 8 hours before data collection. The sample averaged 136 minutes of aerobic exercise and 149 minutes of strength training per week and exhibited normal ranges of resting heart rate, blood pressure, and body composition (see Table 1 ). 
Procedures
The data-collection procedure was developed to mimic clinical management of a soft-tissue injury. One of 3 randomly selected treatments (menthol, ice, or control) was applied to each subject's right forearm during each data-collection session. A common practice is to reassess an athlete for competition 20 minutes after immediate therapy for a soft-tissue injury. The intervention protocol involved application of 1 of the 3 treatments (menthol, ice, or control) for 20 minutes; blood flow was assessed before treatment application and 5, 10, 15, and 20 minutes afterward.
After the blood-flow measurement collected 20 minutes after treatment application, muscle-strength tests were performed. If ice was the treatment applied it was removed after the 20-minute blood-flow assessment but before muscle strength was measured. Subjects performed an assessment of their muscle strength immediately after the final blood-flow assessment approximately 20, 25, and 30 minutes after application of the treatment after assessments of blood flow. The duration of the treatment was 20 minutes to be consistent with the recommended duration of ice application for soft-tissue injuries. 10 The application of the ice treatment involved 0.5 kg of ooe ice obtained from a commercial ice machine.
This ice was captured in a 2-L plastic bag, applied without compression to the anterior surface of the forearm, and secured in place with Velcro straps. The dose of 3.5 mL of menthol gel was based on previous pilot testing and what is typically applied in athletic training facilities (1 mL of gel for every 200 cm 2 of surface area). The dose of menthol gel was standardized from the average adult forearm presenting with approximately 700 cm 2 of surface area. This standard amount (3.5 mL) of menthol gel was applied by a gloved technician from the subject's wrist to his or her elbow on all surfaces of the right forearm. Menthol gel is absorbed or evaporates after 20 minutes and is not commonly removed after application. During the control condition no treatment was applied to the forearm during any of the data collection.
On each day of data collection subjects reported to the laboratory and were placed in a seated position on the device where all the data collection took place (Biodex 1000 isokinetic dynamometer) and told to rest quietly for 10 minutes before any data collection. Heart rate (beats/min) was palpated on the left side in the radial artery, and blood pressure (mmHg) measured using a manual mercury sphygmomanometer on the left arm immediately before all blood-flow measures. Blood flow was measured noninvasively in the right radial artery, proximal to the carpus between the radial collateral ligament of the wrist and the tendons of the abductor pollicis longus and extensor pollicis brevis, using high-resolution ultrasound (Philips HDI 5000, Seattle, WA). The radial artery was imaged longitudinally, by B-mode ultrasound, using a 12-to 5-mHz linear-array transducer. This method of estimating blood flow is reported to be highly valid (r = .96-.98) when calculating blood flow in different vessel compartments. II A video file of the ultrasound was collected over 5 pulsations (or heartbeats) at the specified data-collection intervals in the vessel to allow data analysis after the test. A custom-made software program using Lab View version 7.1 (National Instruments, Austin, TX) measured the changes in brachial diameter beat by beat and calculated a volume per beat passing through the vessel. These volumes were averaged over 5 consecutive beats and then multiplied by the heart rate at the time the volumes were collected to arrive at a volume per minute (mL/min) coursing through the radial artery at the specific data-collection time point.
With subjects in the initial seated position from which blood flow was measured and immediately after the final blood-flow measurement, muscle strength of the right forearm was assessed using a Biodex 1000 isokinetic dynamometer. Subjects were seated upright with restraints applied to their waist, torso, and upper and lower arm. The axis of rotation of the dynamometer was placed at the wrist, and subjects grasped a handle by which to extend and flex their wrist. Each subject's passive wrist-extension and -flexion range of motion was determined. Subjects were then allowed to familiarize themselves with the wrist-extension/flexion motion at a rotation speed of 30° Is by performing 5 to 10 submaximal wrist extensions and flexions using the isokinetic dynamometer. They were then asked to complete 30 repeated maximum flexions and extensions of the wrist at a rotation speed of 30° Is. The 5 highest torque recordings were averaged to arrive at a maximum wrist-extension and -flexion strength measure. This protocol was developed to assess the possible mitigating effects of ice and menthol on pain and fatigue resulting from the highintensity, short-duration exercise.
Statistical Analysis
A repeated-measures analysis of variance (R-ANOVA) using SPSS 16.0 was used to test for effects of time, treatment, and interaction (time by treatment) to address the 2 research hypotheses. A 3 x 5 (treatment x time) design was used to assess changes in blood flow, and a 3 x 3 (treatment x time) design was used to assess changes in muscle strength. Significant main effects were further evaluated by calculating Tukey least-significant post hoc differences. All analyses were considered statistically significant at P < .05.
Results
An interaction of time by group on blood flow (F = 8.15, P < .00) was indicated by the R-ANOVA. Post hoc analysis indicated that blood flow changed in different directions in each of the study groups at different time points after the application of the treatment. As Table 2 indicates, at 5 minutes after application of the menthol gel blood flow significantly declined in the radial artery by 42%. This decline in blood flow was not sustained at 10, 15, or 20 minutes after the menthol-gel treatment. Under the control condition blood flow significantly increased by 83% at 15 minutes after baseline measures and then returned to baseline levels at 20 minutes after baseline measures. Finally, the ice treatment resulted in a significant decline (48%) in blood flow in the radial artery only at 20 minutes after application of the therapy. All other blood-flow measures under the ice condition, at 5, 10, and 15 minutes, were not different than the baseline measure.
R-ANOVAs were also employed to evaluate the second study hypothesis. This statistic indicated no significant time (F = 0.45, P = .51), treatment (F = 0.81, P = .83), or time-by-treatment (F = 0.21, P = .83) effect on wrist-flexion strength (see Table 3 ). The same statistic was applied to wrist-extension strength measures and indicated a significant effect of time (F = 11.07, P < .00) but no effect of treatment (F = 0.92, P < .41) or the interaction of treatment by time (F = 0.24, P < .79; see Table ' 4) . Post hoc analysis indicated that although no interaction of treatment and time emerged, only the menthol and the control conditions exhibited significant increases in wri st-extension strength at the 25-and 30-minute data-collection points compared with the strength measures obtained in the respective treatment condition at 20 minutes after treatment application. These increases ranged fro m over 8% under the menthol condition to nearly 11 % in the control. Wrist-extension strength did not change over the 3 data-collection points under the ice condition.
Discussion
The results suggest support for the study hypotheses and are consistent with previous investigators who found that the application of ice or menthol gel results in decreased blood flow. The application of ice has long been used to reduce inflammation after a soft-tissue injury by decreasing blood flow to the affected area. 12 Studies have shown that the application of ice results in a localized vasoconstrictor response, decreasing blood flow to the area 13 ,14 and inhibiting the inflammatory response. IS The vasoconstrictor effects of ice can be attributed to 3 different mechanisms: release of norepinephrine from an increase in local sympathetic activity, which activates the arterial u r adrenergic receptors J6 ; an increase in rho kinase activityl7; and decreases in endothelial nitric oxide production. All these mechanisms increase translocation of the u r adrenergic receptors to the smooth muscle 17-19 and increase calcium sensitization,17,20,21 which results in arterial constriction and reduced blood flow. The results of this study indicate that blood flow through the radial artery appears to be significantly reduced within 5 minutes of applying a 3.5 % menthol gel to the forearm. This reduction in blood flow with menthol was not sustained at 10, 15, or 20 minutes after treatment application . Ice applied to the forearm appears to reduce blood flow only at 20 minutes of application. Thus, the results of this study indicate that menthol appears to have a fast, short-acting effect of reducing blood flow to tissues distal to application, whereas ice reduces blood flow only at 20 minutes after sustained application. These differences in the time to affect blood flow may be attributable to the different mechanisms by which these 2 treatments do so. Previous authors have indicated that the reductions in blood flow resulting from ice therapy occur through decreases in local tissue temperature beginning at 24°C17 with a corresponding decrease in metabolic activity in the affected tissues. 17 -21 The results of this study indicate that somewhere between 15 and 20 minutes are required to achieve this effect of ice therapy in reducing blood flow to the underlying tissues.
In contrast, menthol gel may affect blood flow through neuronal mechanisms that respond faster to this treatment but are also quickly sensitized to this stimulation, resulting in an immediate but short-acting effect. 22 Thus, because the reduced blood flow caused by menthol is mediated through neuronal mechanisms, the data support the effect of menthol as fast acting but brief in duration. The mechanism by which ice treatment reduces blood flow is through slowing down metabolic processes at the tissue level. The duration of time to evoke this response appears to be somewhere between 15 and 20 minutes, which is longer than the menthol treatment takes to achieve a similar reduction in blood flow. Somewhat surprising findings in this study were the significant increase in blood flow observed in the control condition and the high degree of variability in blood flow at baseline in each of the treatment conditions. There may be a variety of explanations for these observations. First, there is a great deal of variability in the literature in measurement of arterial blood flow at the wrist. Doppler measures of blood flow at the wrist including radial and ulnar arteries have ranged from 29.0 ± 8.71 to 25.7 ± 9.97 mL expressed as pulse amplitudes. 23 Second, peripheral blood flow can be affected by numerous factors that were beyond the control of the investigator, including hydration, emotional state, and characteristics of the ambient environment. A limitation of conducting this study with humans is that these factors cannot be easily controlled and may have contributed to the high degree of variability in the blood-flow measures. One possible explanation for the increase in blood flow under the control condition is that the data-collection protocol, which included palpating and touching the subjects' forearms, may have altered their heart rate or blood pressure or increased blood flow to their periphery.24,25 This increase in blood flow resulting from touching the subject further enhances the validity of the experimental interventions, which demonstrated significant declines in blood flow under the same conditions involving touching.
The results for wrist-flexion and -extension strength also partially support the second study hypothesis that the application of ice or menthol gel results in different measures of muscle strength. The effect of ice therapy on muscle performance has been studied, and there is general agreement that enzymatic processes are slowed with almost any level of cooling. Slowed enzymatic processes contribute to reduce muscle strength and power. A number of early studies in this area indicated that the application of ice had no effect on muscle strength but did increase endurance. 26 ,27 In a recent study, muscle power and functional performance were found to be negatively affected immediately and 20 minutes after a 10-minute ice-bag application. 28 In a review, Drinkwater 29 concluded that the slowed chemical processes in the tissue and slowed nerve conduction resulting from ice therapy likely impair the rate of force development, reducing local muscle endurance during dynamic contractions and impairing manual dexterity. Thus, the effect of ice on muscle function and blood flow likely occurs locally as a result of decreased tissue temperature. 30 Our findings that menthol may improve function appear attributable to previous investigators' observation that menthol stimulates TRP receptors classified as TRPM8, which are found mainly along thermoreceptive pathways.31-33 Menthol gels may also act as an analgesic to lessen pain by activating the TRP channel (TRPM8) located in sensory neurons. 34 Furthermore, menthol appears to reduce pain through a selective activation of K-opioid receptors. 8 Our findings are consistent with one of the few double-blind studies examining the effects of menthol, in which McKay et aP5 reported that a gel containing menthol was effective in relieving the pain and stiffness of osteoarthritis in patients without adverse effects. Kraemer et aP6 also reported that a menthol gel improved the functional ability of patients with knee arthritis. These effects of menthol may be a result of mitigating pain during the activity rather than enhancing enzymatic activity of the muscle. Thus, it appears that the effects of menthol to improve function are neurological by inhibiting nociceptive sensory pathways that dampen muscle activation.
Consistent with these findings cited in the literature, in both the menthol and control conditions wrist-extension strength increased at the 25-and 30-minute assessment points compared with the 20-minute assessment point. This increase may be attributable to familiarization with the protocol or the muscle warming up and becoming more efficient with the activity.37,38 This measure of strength did not increase over the 3 assessment points with the ice treatment. These findings support the conclusion of previous investigators 28 ,29 that ice treatment reduces the metabolic activity of the underlying tissues and that this effect may continue for up to 10 minutes after removal of the ice.
The nonsignificant observation that the menthol treatment resulted in a trend toward higher wrist strength at each data-collection point than in the control and ice treatments may have clinical significance. Although it was not statistically significant because of insufficient statistical power, the menthol treatment consistently resulted in what appeared to be higher measures of wrist-flexion and -extension strength at all data-collection points This observation may be attributable to the previously reported counterirritant effect of menthol as a treatment for pain, which may have been elicited during the performance of the 30 maximum wrist-flexion and -extension exercises to assess muscle strength. 39 Perhaps during these measures of maximum effort, the menthol treatment blocked pain impulses from the involved muscles resulting from lactic-acid buildup in the working muscles, which would normally inhibit the motoneurons innervating these muscles. A second possible explanation of the observed trend that the menthol treatment may result in higher levels of maximum wrist strength may be the counterirritant effect of menthol's blocking pain impulses from ascending to higher cortical levels. Fewer pain impulses from the working muscles may have resulted in the subjects' exerting more conscious effort during the assessments of wrist strength, which resulted in higher measures. These nonsignificant findings that menthol may have a performanceenhancing effect on maximal strength appear to merit further study.
The results of this study must be interpreted cautiously and are susceptible to numerous threats to internal and external validity. First, the interventions could not be blinded to the investigators or the participants because of the distinct odor of the menthol gel and the cold sensation of the ice. This lack of blinding may have resulted in a Hawthorne or placebo effect on the subjects' effort during the strength assessments. Second, blood flow was assessed in a single artery distal to the application of the experimental treatments, and the blood flow in the tissues directly adjacent to the treatments was not assessed. Thus, the effects of the interventions on the tissues most directly affected by the treatment were not measured.
A third limitation of this study was that the mechanisms resulting in alterations in blood flow and muscle strength were not directly examined. The physiological basis for the observed effects of the interventions on the 0utcome variables can only be conjectured based on the findings of previous investigators. Finally, the small sample size likely limited the statistical power to detect a distinct treatment effect on blood flow and strength. Furthermore, the findings of this study may not be replicable among older populations with chronic health conditions that may affect blood flow and muscle strength.
Conclusion
In conclusion, it appears that topical application of a 3.5% menthol gel reduces blood flow in an artery distal to its application within 5 minutes after application but not 10 to 20 minutes after the application. Ice reduces blood flow in an artery distal to its application only after 20 minutes of application. Thus, ice is slower to reduce blood flow, and menthol results in more rapid but short-lasting reductions in blood flow. After the removal of ice, wrist-extension strength does not increase after repeated assessments of strength as it does during a no-treatment control condition and 20 minutes after application of 3.5% menthol gel. Finally, further study is warranted as to the effects of topical menthol gel on performance of the underlying muscles.
